Introduction: We aimed to evaluate the appropriateness of Digital Innovation South Africa (DISA)-based laboratory information system (LIS) for assessing the prevalence, patterns and trends of antimicrobial resistance, and associated demographic factors. Methodology: A retrospective analysis was conducted on routine data of blood culture isolates of Staphylococcus aureus, Klebsiella pneumoniae, and Pseudomonas aeruginosa. These isolates were collected by the National Health Laboratory Services between July 1, 2005 and December 31, 2009 at seven tertiary public hospitals. Factors associated with antimicrobial resistance were analysed using multivariate logistic regression. Results: Information on 9969 isolates was available, of which 3942 (39.5%), 4466 (44.8%) and 1561 (15.7%) were Staphylococcus aureus, Klebsiella pneumoniae, and Pseudomonas aeruginosa, respectively. Reporting of resistance across antibiotics tested was highest in patient age group less than 5 years old. Methicillin resistant Staphylococcus aureus was 39% on average. There was a significant increasing trend of Klebsiella pneumoniae resistance to ciprofloxacin (32.6% to 64.9%, p < 0.001), cotrimoxazole (67.5% to 81.6%, p < 0.001) and cefotaximeceftriaxone (55.5% to 73.2%, p < 0.001) over the study period. Pseudomonas aeruginosa resistance to meropenem showed a significant increasing trend from 2006 (27.5%) to 2009 (53.9%) (p < 0.001). Age group < 5 years, female gender, hospital location, year of infection were significantly associated with antimicrobial resistance. Conclusions: The percentages of antimicrobial resistance were high and showed a significant increasing trend among individual agents over the duration of the study e.g. ciprofloxacin, cotrimoxazole among others. Continued surveillance of antimicrobial resistance among bloodstream hospital-acquired infections should be strengthened.
Introduction
The extent of antimicrobial drug resistance has accentuated the need for continued surveillance [1] [2] [3] . Resistance in bacterial pathogens to conventional antimicrobials has become a global problem, particularly in those causing hospital associated infections, emphasizing the relevance to systematically monitor patterns and trends of antimicrobial resistance over time [4] [5] [6] .
Improved information systems for the reporting of antimicrobial resistance would facilitate timely implementation of appropriate interventions including review of antimicrobial prescription policies and treatment guidelines that would strengthen prudent use of antimicrobials, [7] [8] [9] to preserve the effectiveness of currently available agents [6] .
Surveillance networks such as the European Antimicrobial Resistance Surveillance System -EARSS (Europe) [10] and the National Nosocomial Infections Surveillance System-NNIS (USA) [11] have been established over the years and they provided reliable antimicrobial susceptibility data, described prevalent resistance patterns and monitored emerging antimicrobial resistance [12] . However, there is a scarcity of data from most developing countries regarding the levels of antimicrobial resistance, even among nosocomial pathogens. A recent systematic review showed evidence of resistance to commonly used antimicrobial drugs in the South African population [13] .
The proportion of methicillin-resistant Staphylococcus aureus (MRSA) was 35% while Klebsiella pneumoniae showed increasing resistance to third generation cephalosporins or isolates producing extended-spectrum beta-lactamases (ESBLs) from 33% to 49%, and from 18% to 28% for fluoroquinolones in academic hospitals from 1999 and 2007. Resistance among Pseudomonas aeruginosa isolates to ciprofloxacin was 43% [13] . The results presented in this paragraph are from published papers about information gathered systematically from various laboratory settings in South Africa.
Antimicrobial resistance is a main reason for failure of empirical treatment and clinicians rely on guidelines based on surveillance for antimicrobial resistance [2, 14, 15] .
Local antimicrobial resistance patterns serve as a guide for empirical treatment [14] . In addition, antimicrobial resistance surveillance data may guide public health interventions to control the development of antimicrobial resistance and spread of resistant pathogens in hospitals [6] . Data on resistance patterns would augment infection control measures and promote improved antimicrobial prescribing habits among clinicians [4] .
The present study aims to record and analyse data from the laboratory information system (LIS) relating to antimicrobial resistance prevalence, patterns and temporal trends, as well as demographic factors associated with antimicrobial resistance among three selected pathogens, Staphylococcus aureus, Klebsiella pneumoniae and Pseudomonas aeruginosa, causing blood stream infections in patients admitted at tertiary public hospitals in South Africa.
Methodology
This was a retrospective analysis of isolates from routine blood culture testing and their antimicrobial susceptibility data reported from 2005-2009 by the National Health Laboratory Service (NHLS) and extracted from the Corporate Data Warehouse (CDW) situated at the corporate office of the NHLS at Sandringham, South Africa. The study was approved by the Human Research Ethics Committee of the, University of the Witwatersrand, approval number M10625.
Seven tertiary public hospitals were included in the study. From Gauteng Province four hospitals associated with Universities of the Witwatersrand (Wits) and Pretoria (UP) were included. These were: Charlotte Maxeke Johannesburg Academic Hospital (CMJAH), Chris Hani Baragwanath Hospital (CHBH), and Helen Joseph Hospital (HJH) (Wits). From Free State Province Universitas Hospital (UH) associated with University of Free State (UFS) was included; and from Western Cape Province, Groote Schuur Hospital (GSH) and Tygerberg Hospital (TH) associated with Universities of Cape Town (UCT) and Stellenbosch (SUN) were included. These are all reputable specialist referral hospitals that have functioning laboratories with good quality assurance practices of laboratory methods likely to yield reliable results as well as computerised laboratory systems interfaced to the CDW in Johannesburg from which data for this study were extracted. The map ( Figure 1 ) highlights geographical location of hospitals in relation to the three provinces from which data of bacterial isolates were obtained.
The NHLS academic laboratories used the automated BacTAlert system (Biomerieux, Marcy-l' Étoile, France) for blood culture investigations and automated MicroScan supplied (Siemens, Munich, Germany) or Vitek 2 systems (Biomerieux, Marcy-l' Étoile, France) or conventional biochemical methods for identification of pathogens. Antibiotic susceptibility testing was interpreted following the Clinical Laboratory Standards Institute (CLSI) guidelines [16] . Various methods were used including testing by disk diffusion technology such as the Kirby-Bauer and Etest methods or automated testing using MicroScan or Vitek 2 systems.
Quality control bacteria, comprising standard internationally recognised strains for susceptibility testing were used at each participating site. It is standard practice worldwide for quality control procedures to be used for drug susceptibility testing, including the use of dedicated international strains such as S. aureus ATCC 25923 strain for Gram-positive bacteria and E. coli ATCC 25922 strain and P. aeruginosa ATCC 27853 [16] for Gram-negative bacteria, as well as standardization of inoculum size and incubation period. Only single isolates recorded by LIS from a bacteraemia episode was included in the present analysis to avoid bias introduced by reporting susceptibility testing on multiple specimens per patient. Bamford et al., outlined details of methods of susceptibility testing of blood culture isolates in use by participating microbiology laboratories for the selected organisms [17] .
Data were extracted on all blood culture isolates of Staphylococcus aureus, Klebsiella pneumoniae and Pseudomonas aeruginosa reported within the study period by DISA-LIS at the NHLS. Susceptibility data reported by DISA were extracted from the CDW data repository by running queries using structured query language (SQL) from several database servers. All blood culture data of bacterial isolates reported to NHLS between July 1, 2005 and December 31, 2009 were included. All relevant demographic and microbiological factors included in the analysis were extracted. Percentages of resistance were calculated according to the number of resistant isolates divided by the total number of blood culture isolates for each organism. All susceptibility data were collected of isolates including patients' demographic and geographic characteristics including age, gender, province, name of hospital and year of data collection.
Data were assessed for completeness and analysed using Stata version 13 (StataCorp Limited, College Station, Texas, USA). Univariate analysis was performed to describe the frequency distribution of the selected pathogens as well as their resistance to antimicrobial agents. Associations between resistance and various potential risk factors (province, organism, age, gender, hospital wards and specimen collection year) were analysed using Pearson chi-square test for categorical variables. A multivariate logistic regression model was used to investigate independent predictors of antibiotics-specific resistance as well as composite resistance based on a set of antibiotics. Two-sided p values of < 0.05 were considered significant. There were more bacteraemic episodes caused by each of the three pathogens in males than in females. The proportion of bacteraemic episodes in relation to numbers of admissions and duration of patients' stay in hospital was not available in the CDW database for comparison of frequency of organism-specific bacteraemic episodes between hospitals. However, considering the relative percentages of organismspecific episodes in each hospital, Staphylococcus aureus episodes at HJH (49.8%), TH (47.1%) and GSH (45.5%) were higher than mean of 40.3% of all 7 hospitals; Klebsiella pneumoniae episodes at UH (52.1%) and SBPAH (51.3%) were much higher than the 7-hospital mean of 45.5%; and Pseudomonas aeruginosa episodes at SBPAH (20.1%) and CMJAH (19.2%) were higher than the 7-hospital mean of 15.2%. This may suggest possible excess of Staphylococcus aureus, Klebsiella pneumoniae and Pseudomonas aeruginosa cases at the named hospitals. The numbers of episodes per annum for the respective pathogens for the period 2006-2009 varied from 871 to 965 (mean 902) for Staphylococcus aureus, 974 to 1124 (mean 1030.5) for Klebsiella pneumoniae and 347 -368 (mean 357) for Pseudomonas aeruginosa ( Table 1) .
Results

Demographic and geographical characteristics of bacteraemia episodes
Distribution of antimicrobial resistance rates among selected pathogens
Resistance to various antimicrobial agents was observed between isolates of the three pathogenic bacteria that were studied. In the case of Staphylococcus aureus, resistance was not detected for linezolid during the period of this study (0 out of 70) and minimal resistance (1 out of 865) was recorded as for vancomycin and 8.5% (33/388) to fusidic acid ( Table 2 ). For ampicillin, and by inference benzyl penicillin, Staphylococcus aureus resistance was 95.7% (3322/3471), while for cloxacillin the overall percentage resistance was 15.4% (588/3828) with considerable variation between hospitals, the highest being 37.0% and 43.0% for GSH and TH respectively. Of the 827 isolates tested for gentamicicn susceptibility, 428 (51.8%) were recorded as resistant.
For Klebsiella pneumoniae, resistance was encountered in very low numbers of isolates to meropenem and imipenem (~ 0.1% out of > 3000 isolates tested) and 2.0% (50/2474) for etrapenem. High percentages of cephalosporin resistance were recorded i.e. 66.0% (2238/3390) for cefotaxime/ceftriaxone. Cephamycin resistance was lower at 52.0% (357/687) despite a better in vitro susceptibility for cefoxitin. Resistance to ampicillin/amoxicillin was almost complete at 99.5% and for co-amoxiclav it was (64.8%), while for piperacillin-tazobactam resistance was recorded in 1820/2745 (66.3%) of Klebsiella pneumoniae isolates. Resistance to amikacin was 26.4% (695/2631) while the figures for gentamicin (58.7%) and tobramycin (80.4%) were appreciably higher ( Table 2) .
Among Pseudomonas aeruginosa isolates, resistance to beta-lactam antibiotics was lowest in the case of ceftazidime at 20.0% (287/1421) and 36.0% (367/1021) for cefepime, while 31.9% of Pseudomonas aeruginosa isolates were resistant to piperacillintazobactam. Resistance to the carbapenem antibiotics, meropenem and imipenem was 44.4% and 46.7% respectively. Resistance to the aminoglycoside agents varied from 29.4% (236/804) to 48.2% (364/755) for Pseudomonas aeruginosa isolates in the case of amikacin and tobramycin respectively. Resistance to ciprofloxacin was reported in 35.1% (343/976) of Pseudomonas aeruginosa isolates, while resistance to colistin was found in 4 of 212 isolates tested, 2 each from CHBH and TH respectively ( Table 2 ). 
Patterns of Staphylococcus aureus resistance
The frequencies of resistance to clindamycin (72%) and rifampicin (60.7%) in Staphylococcus aureus at TH were high. The LIS recorded resistance to vancomycin as < 0.5% and MRSA as 43% being highest at TH, range 0.4% -43%. Resistance to cotrimoxazole ranged 25% -37% and gentamicin resistance ranged from 40% -67% across all hospitals. There was scanty data for other drugs to make any meaningful analysis ( Table 2) .
Trends of Staphylococcus aureus resistance
The total number of reported cloxacillin-resistant Staphylococcus aureus declined progressively from 182 to 91 during the period 2006 to 2009 as did the ratios of resistant to susceptible isolates (expressed in percentages) which might be explained by the lack of standardized recording in LIS of susceptibility to cefoxitin and cloxacillin. A decline in MRSA in recent years has been reported in Scottish and other European hospitals due to rigorous infection control measures such as simple hand washing before touching patients, eating food and after using the toilet. The total numbers of resistant isolates of Staphylococcus aureus but not the ratios of resistant to susceptible cultures, also showed steady declines in the case of gentamicin, clindamycin and rifampicin resistance ( Table 3) .
Demographic factors associated with Staphylococcus aureus resistance
The age-group < 5 years was significantly associated with Staphylococcus aureus resistance to antimicrobials. Children < 5 years were 74% more likely to have had incidence of Staphylococcus aureus resistant isolates (AOR 1.74, CI 1.33 -2.28) compared to the 20 -29 years age-group. There was a significant association between antimicrobial resistance and hospital location. Staphylococcus aureus isolates at UH were appreciably more likely to be resistant to antimicrobials, (AOR 3.08. CI 2.10 -4.52); Staphylococcus aureus isolates from Groote Schuur hospital were 3.8 times more likely to be resistant to antimicrobials (AOR 3.78, CI 2.85 -5.01). At Tygerberg hospital, Staphylococcus aureus isolates were 4.8 times more likely to be resistant to antimicrobials (AOR 4.75, CI 3.60 -6.20). In general Staphylococcus aureus isolates from UH, GSH, TH were significantly more likely to be resistant to antimicrobials ( Table 4 ).
Patterns of Klebsiella pneumoniae resistance
For the 4.5 -year study period, the carbapenems covered the widest range of K. pneumoniae isolates.
Cephalosporins resistance in Klebsiella pneumoniae was high but varied widely e.g. cefotaxime/ceftriaxone resistance was 50.0% -65.1% from five of the seven hospitals, 83.7% and 92.5% for the other remaining two hospitals. Cefepime resistance was high in the three Johannesburg hospitals (92.5% -94.4%) compared with 55.75 -84.0% for the other remaining four hospitals.
Carbapenem and colistin resistance for Klebsiella pneumoniae was very low: imipenem and meropenem resistance 0.1% each and ertapenem 2.0%; colistin resistance was 1.9%. Resistance rates for co-amoxiclav in Klebsiella pneumoniae isolates averaged at 64.8% for the seven hospitals. At four of the seven hospitals resistance to cotrimoxazole was in excess of 70%. The mean resistance rates for aminoglycosides were amikacin 26.4%, gentamicin 58.7% and tobramycin 80.4%.
Ciprofloxacin resistance rates in Klebsiella pneumoniae at the seven hospitals were ~ 50%. Piperacillin-tazobactam resistance in Klebsiella pneumoniae was high with a mean resistance of 66.3% and rates varying from 29.6% at GSH to 83.9% at CHB similar to cefepime ( Table 2) .
Trends of Klebsiella pneumoniae resistance
There were marked rises in ciprofloxacin resistance (32.6% in 2005 to 64.9% in 2009, p < 0.001) and cotrimoxazole resistance (67.5% in 2005 to 81.6% in 2009, p < 0.001). High rates of cephalosporin resistance were maintained or slight increases were seen over the 2005 to 2009 period e.g. ceftazidime resistance: 77.2% -86.6%; cefotaxime resistance: (55.5% -73.2%). There were high rates of aminoglycoside resistance showing a slight rise of resistance over this period. (i.e. amikacin 21.2 -28.2 %; gentamicin 52.4 -66.7%; tobramycin 75.8 -79.7%). There were significant differences in rate of Klebsiella pneumoniae resistance by year of study among most of the antibiotics except for carbapenems, nitrofurantion, tobramycin and colistin p > 0.05 (Table  3) .
Demographic factors associated with Klebsiella pneumoniae resistance
For Klebsiella pneumoniae, age-group < 5 years was significantly associated with antibiotic resistance with children < 5 years being 49% more likely to have Klebsiella pneumoniae resistant isolates (AOR 1.49, CI 1.19 -1.88) compared to the 20-29 years age-group. Females were more likely to have resistant Klebsiella pneumoniae isolates than males (AOR 1.13, CI 1.00 -1.29). There was a significant association between antimicrobial resistance and hospital location.
Klebsiella pneumoniae isolates at UH were 39% more likely to be resistant to antimicrobials (AOR 1.39, CI 1.01 -1.91); even though Klebsiella pneumoniae isolates from HJ, GSH and TH were more likely to be resistant to antimicrobials, this was not statistically significant hence not reported in detail here. Klebsiella pneumoniae isolates reported in 2008 and 2009 were more likely to be resistant to antimicrobials; however this was not statistically significant ( Table 4 ).
Patterns of Pseudomonas aeruginosa resistance
The mean ceftazidime resistance rate in Pseudomonas aeruginosa was 20.1% and 36.0% for cefepime. Carbapenem resistance in Pseudomonas aeruginosa was 46.7% and 44.4% respectively for imipenem and meropenem and 31.9% for piperacillintazobactam. The antibiotic most active against Pseudomonas aeruginosa isolates for the study period was colistin with a resistance rate of 1.9% (range 0% -13.3%). Colistin resistance was non-existent in Pseudomonas aeruginosa in four of the seven hospitals. The mean ciprofloxacin resistance was 35.1% and for amikacin, gentamicin and tobramycin resistance rates in Pseudomonas aeruginosa were 29.4%, 34.3% and 48.2% respectively ( Table 2) .
Trends of Pseudomonas aeruginosa resistance
The range of ciprofloxacin resistance was 25.9% -53.7% over the period 2005 -2009; moderate increases in aminoglycoside resistance among Pseudomonas aeruginosa isolates over the study period were observed (amikacin 25.7% -39.1%, gentamicin 21.7% -53.7%, and tobramicin 38.7% -60.2%). Cephalosporin resistance equally showed moderate rise i.e. ceftazidime 17.1% -24.6% and cefepime 36.6% -43.6%. Carbapenems resistance rate showed moderate rises ~45% -~55% for imipenem and meropenem resistance over the 2005 -2009 periods ( Table 3) .
Demographic factors associated with Pseudomonas aeruginosa resistance
For the 5 years study period, hospital location was associated with antibiotic resistance. SBPAH (AOR 5.16, CI 3.62 -7.36), GSH (AOR 2.08, 1.35 -3.21), TH (AOR 3.02, 2.04 -4.47) were significantly associated with antibiotic resistance among Pseudomonas aeruginosa isolates. At UH, Pseudomonas aeruginosa isolates were 60% more likely to be resistant to antimicrobials; however, this was not statistically significant (AOR 1.60, CI 0.91 -2.79). Even though Pseudomonas aeruginosa isolates reported in 2008 and 2009 were more likely to be resistant to antimicrobials, the association was not statistically significant (Table  4) .
Discussion
This study led to a detailed and systematic data analysis of the LIS in reporting antimicrobial susceptibility of isolates from blood culture over a 4.5year period to assess possibility for reporting of trends and patterns of resistance from all isolates in the public tertiary hospitals in South Africa. A total of 9969 isolates belonging to Staphylococcus aureus, Klebsiella pneumoniae and Pseudomonas aeruginosa had drug susceptibility results reported by the NHLS between July 1, 2005 and December 31, 2009. The number of isolates of all three pathogens for 2005 (first year of CDW-based surveillance) were considerably smaller as we started with data collection in July that year.
Staphylococcus aureus and Klebsiella pneumoniae were the most common pathogens and contributed 84.3% of the total magnitude of blood stream infections among the three selected pathogens reported within this period. This is in keeping with previous studies that have shown Staphylococcus aureus to be the predominant cause of blood stream infections [4, 5, 18] . More isolates of these pathogens were reported from males compared with females and from children below the age of 5 years. The relationship of higher incidence of blood stream infections among males has been documented in previous studies [4, 19] . As much as this study found higher incidence of blood stream infections among children, other studies in Canada and the USA have found smaller proportion of isolates from children [20] . There were more isolates reported from Chris Hani Baragwanath Hospital which is the largest hospital in the country and services a greater population of Soweto. Antimicrobial susceptibility was done to assess rates of resistance to various antibiotics amongst the three common pathogens associated with in-hospital acquisition.
The proportion of Klebsiella pneumoniae resistant isolates (defined as isolates resistant to one or more antibiotics) was higher among females while Staphylococcus aureus and Pseudomonas aeruginosa rates were similar. No recent studies in South Africa on the frequency of bacteraemic pathogens have documented comparable information. This study used blood culture data that represent invasive pathogens and therefore excludes organisms that merely colonize non-sterile sites and may be present in specimens such as pus swabs. Such data could serve to guide prescription habits and form the basis of a robust national surveillance monitoring system able to regularly document similarities and differences in antimicrobial resistance between different hospitals both locally and internationally.
Antibiotics with the broadest spectrum against Staphylococcus aureus were vancomycin and linezolid. Vancomycin was still active against nearly all Staphylococcus aureus isolates with resistance rate showing < 0.1% across all the 7 hospitals. This is consistent with previous data which reported that vancomycin was still an active agent against Staphylococcus aureus including MRSA [13, [21] [22] [23] [24] . Frequencies of clindamycin resistance (72%), erythromycin resistance (44.1%) and rifampicin (60.7%) among Staphylococcus aureus isolates at TH were relatively high. These might be linked to macrolide or as a result of inducible clindamycin resistance among erythromycin resistant strains. Simultaneous resistance to erythromycin and clindamycin among Staphylococcus aureus isolates could be a result of erythromycin resistance methylase genes (erm genes), while erythromycin resistance not crossed to clindamycin is consistent with the presence of msrA gene. The variation in susceptibility of erythromycin-resistant Staphylococcus aureus to clindamycin as observed in this study among the seven tertiary public hospitals might be an indication of epidemiological variation in the two mechanisms of resistance that was mentioned above [25, 26] .
The highest rates of MRSA were observed at Tygerberg and Groote Schuur hospitals in the Western Cape as opposed to Universitas hospital in the Free State province, while data from CMJAH, SBPAH, CHB, HJ in Gauteng province for cloxacillin showed gross underreporting hence were unreliable and were thus not presented in the results. The variation in rates of MRSA observed in hospitals in Western Cape and Free State provinces is consistent with previous EARSS reports [19] that showed marked geographical variation in prevalence of MRSA. In our situation the variation might potentially be due to differences in specimen collection, carriage rates or hospital infection control policies and practices as well as prescription policies between different hospitals and provincial Departments of Health [4] . It is thus crucial to further assess the reliability of routine laboratory data generated by the LIS for monitoring antimicrobial resistance to ascertain if the observed rates of antimicrobial resistance are not due selection bias.
The most active antibiotics against Klebsiella pneumoniae in this study were the carbapenems. These data are similar to those shown by Zhanel et al. [24] . Cephalosporin, flouroquinolones and aminoglycosides showed high resistance across all sites. β-lactams, excluding carbapenems were the least active antibiotics over the 4.5-year study period with resistance rate increasing in all sites and in keeping with previous review findings done in South Africa [13] . Low levels of carbapenems resistance shows that there is evidence of emergence of carbapenemase-mediated resistance among Klebsiella pneumoniae isolates. Nordmann et al reported that Klebsiella pneumoniae that produces Klebsiella pneumoniae carbapenemase (KPC) have globally spread across hospitals [27] . Bogdanovich et al, reported cases of Klebsiella pneumoniaecarbapenemase producing isolates that showed emerging resistance to colistin [28] a reserved antibiotic for the treatment of multidrug resistant Gram-negative sepsis that resulted from failed treatment with carbapenems. These therapeutic agents have shown to have the most favourable outcomes in the treatment of bacteraemic ESBL-producing Klebsiella pneumoniae infections [29] . There was a significant trend of Klebsiella pneumoniae resistance to ciprofloxacin and cotrimoxazole while meropenem showed a significant increasing trend of resistance from 2006 to 2009, no particular resistance trend was observed for other antibiotics [21] .
Pseudomonas aeruginosa resistance was evident across most of the drug classes showing high resistance to carbapenems, cephalosporin, flouroquinolones and aminoglycosides. Even though Adam et al in a study done among Canadian hospitals reported that resistance was encroaching to these drug classes, the resistance rate shown in this study is far higher compared to the findings of Adam et al. This is a significant finding denoting that geographical location does play a role in development of antimicrobial resistance, and therefore might mean that due to rapid increase and high level of intercontinental mobility, such as global air travel, resistant clones are bound to rapidly disseminate across different countries and regions [4, 21, 30, 31] .
The rates of aminoglycoside resistance among Pseudomonas aeruginosa and Klebsiella pneumoniae isolates was varied with amikiacin showing low resistance and tobramycin showing higher resistance. As shown above, among Klebsiella pneumoniae isolates, the mean resistance for amikacin was 26.4%, gentamicin 58.7% and tobramycin 80.4%) whereas for Pseudomonas aeruginosa the mean resistance for amikacin, gentamicin and tobramycin were 29.4%, 34.3% and 48.2% respectively. Such observed differences in resistance patterns could be due to differences in aminoglycoside modifying enzymes; prescription patterns or variation in quality of infection control practices in these hospitals, although geographical differences in the occurrence of individual aminoglycoside resistance determinants might also play a role. This emphasizes the fact that the prudent use of aminoglycosides as well as implementation of effective infection control practices are essential in limiting the development and continued spread of aminoglycoside resistance among these pathogens [32] . The only consistently active antibiotic against Pseudomonas aeruginosa for the study period was colistin which had resistance rate of 1.9%. This is similar to findings of previous studies that also showed a similar pattern of high activity of colistin against Pseudomonas aeruginosa [21, 33] .
Several demographic factors were found to be significantly associated with antimicrobial resistance. For Staphylococcus aureus factors were: age-group < 5 years; hospital location (UH, TH, GSH) and year of infection. Factors associated with Klebsiella pneumoniae resistance were age-group < 5 years, female gender and hospital location (UH). The only factor significantly associated with Pseudomonas aeruginosa resistance was hospital location (CHB, SBPAH, GSH and TH). There is however no known reason that could explain such underlying associations.
Limitations of the study
This study had several limitations which are related to the analysis of routine laboratory data. No clinical data were available hence any determination of the impact of antimicrobial resistance on clinical outcomes could not be made. Such data are essential as their availability would help in making detailed risk factor analysis evaluating the potential impact of inappropriate antimicrobial therapy on outcome of patients with bacteraemia episode caused by either of the three selected pathogens. Secondly, the accurate prevalence of blood stream infection caused by the selected pathogens could not be ascertained as there was no data on negative blood cultures in the CDW repository for the study period. Such data would be useful to give precise estimates of the magnitude of blood stream infection caused by such organisms, as this would help direct strategic planning of service delivery, medication procurement as well as intensity of hospital infection control procedures. Thirdly, susceptibility testing methods for individual antibiotics varied across sites for individual pathogens with other NHLS laboratories testing certain specific agents more than other sites which might have led to differences in estimation of resistance rates among those agents. Fourthly, while using the first specimen only is one approach to surveillance, a limitation of such an approach is the possibility of missing the occurrence of acquired resistance during the illness. This may not be captured by the surveillance system. In addition although susceptibility testing figures were used to assess rates of resistance among the three pathogens associated with hospital acquisition, our results do not differentiate between community and hospital acquired infections and there is therefore the potential for underestimation of resistance rates in general.
Another important limitation is that no data were available on admission date for each patient/blood culture specimen; hence no accurate description of community versus nosocomial acquired bacteraemia could be made. Lastly, the use of 'resistance to any antimicrobial agent tested' as a method of estimating overall resistance rate might have led to erroneous estimation of resistance among the antibiotics tested.
Conclusion
There are problems in retrieving information on AST from the current LIS. Estimated rates of antimicrobial resistance observed in this study, are a matter of serious concern, especially with regard to Pseudomonas aeruginosa and Klebsiella pneumoniae. It was encouraging to see that other antimicrobial agents are still very active against the selected pathogens. Firstly, the rate of vancomycin resistance is almost negligible (0.1%, only 1 of 865 isolates-one case at Tygerberg hospital in 2006) and linezolid resistance among Staphylococcus aureus isolates was not detected in this study. Secondly, carbapenems (ertapenem, imipenem and meropenem) and colistin remains highly active against Klebsiella pneumoniae and thirdly, that colistin is highly active against Pseudomonas aeruginosa. The extent of antimicrobial resistance in Pseudomonas aeruginosa is alarming and is aggravated by the fact that colistin the only remaining strongly effective agent against resistant isolates is both oto-and nephrotoxic.
Therefore ongoing structured prospective surveillance to monitor the burden of bloodstream infections and their resistance profile is essential to better monitor trends and patterns of resistance to nosocomial infections at national level. Such data would enhance the knowledge of the magnitude of the problem regarding antimicrobial resistance and will form evidence upon which policies and practice aimed at containing antimicrobial resistance can be generated. In addition the analysis presented in this manuscript provides the type of assessment that has to be used to develop empirical treatment guidelines.
